Tliree samples of dusts generated by the non ferrous metallurgical industries are treated between 200 and 800 °C in controlled oxidizing and reducing atmospheres. The objective of this study is to recover the valuable metáis from these wastes. The treatments of these solids under oxidizing conditions at 700 °C are well adapted for two samples. The totality of valuable elements are concentrated in the treatments' residues. The use of hydrogen at 600 °C, permits the removal of up to 100 % of valuable metáis contained in the treated industrial wastes. The recovery rate of valuable metáis (Pb, Zn, Cu) as well as the Global Decontamination Factor are reported.
INTRODUCTION
The metallurgical industries genérate unavoidable wastes that can be very toxic. The evolution of the regulation on their waste disposal and the public opinión pressure push the scientific and technical communities to find a solution for this problem. Although the authorities and the public opinión oppose to open new sites, hundreds of legal or illegal storage sites were established during last decades. Currently, the high cost of waste disposal reduces the enterprises' competitiveness and decreases their market share on the global level. The wastes generated from industries should be treated either for recycling or for decreasing their toxicity and/or their volume, because, their amount does effect the atmosphere, soil and water resources^ \ The metallurgical dusts have variable compositions. These wastes have a fin grain size that increase their reactivity. They contain a non negligible amount of valuable metáis.
This paper describes the effect of thermal treatment, under controlled atmosphere on dusts generated by the non-ferrous metallurgical sector. The treatment is performed at different temperatures and oxidizing and reducing atmospheres. The toxic elements' elimination and the valuable metáis' concentration in the treated residues are determined. To correlate these two aspects, the Global Decontamination Factor (GDF) is suggested to measure the efficiency of such treatments. Finally, the possibility of use the recycled residues, in the conventional industrial reactors, is considered.
THERMODYNAMIC CONSIDERATIONS
A fuU thermodynamic analysis of the eventual interactions of these solid wastes with the atmosphere of treatment is almost impossible because of unlimited possible interactions of compounds contained in these wastes with each other and with the gas mixture as the temperature increases. However, the evolution of the standard free energies of oxidation or reduction of major compounds pertinent to samples examined in this study can be of help for the determination of possible main reactions.
The oxidation of the majority of compounds contained in the three samples is thermodynamically possible. The most favourable reaction is the oxidation of galena to Anglesite as reported in^ \ The oxidation of HgSe is the least thermodynamically probable reaction. At 600 °C, the thermodynamic feasibility for the oxidation of the major compounds may be classified, in decreasing order, as follows: ZnS > PbS > Cu2Se > FigSe. The reduction of these residues will produce metallic elements or will lead to elements having lower oxidation states. The reduction of HgSe is favourable at T > 627 °C. Flowever, all other reduction reactions are possible at temperatures higher than 477 °C.
MATERIALS AND EXPERIMENTAL PROCEDURES

Materials
The non ferrous metallurgy generares different wastes from the hydro and/or pyrometallurgical processes. The XRD analysis of these samples indicates the presence of AS2O3, PbS, PbS04, Cu2Se, Fe2(S04)3, HgS04, Pb5(As04)3Cl, ZnS, SiOz^^lTo determine the toxicity of these samples, a standard leaching test is performed according to the French procedure AFNOR"^ X 31-210. The concentration of the elements in the lixiviate exceeded the limits of admission in disposals for hazardous wastes. Therefore, such wastes are considered dangerous for the environment and should be treated before their storage in waste disposal sites.
Experimental procedures
The thermogravimetric (TG) experiments were done in non isothermal conditions using a Cahn microbalance described previously^ ^^ . One may mention that the waste samples were deposed in a quartz crucible connected to the weighting unit of the balance by quartz rods. The sample's weight was about 100 mg. The samples were heated directly in the chosen controUed atmosphere at a heating rate of about 10 °C/ min. A data acquisition system was used to record the sample's weight and temperature as a function of time.
*AFNOR: Association Fran^aise de la NORmalisation. 
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The treatment under controlled atmosphere was performed between 200 and 800 °C using the apparatus described in reference^ \ A predefined flow rate was obtained using the adequate flow meter. Water vapor was eUminated by passing the gas through P2O5 column. The furnace was heated to the desired temperature along with the reacting gas flowing in the system. The experiment started by introducing about 10 g of the sample, in the central zone of the furnace. The investigated temperature range was 200 to 800 °C. The volatile compounds were condensed in the cold part of the reactor. The exhausted gases were purified before their reléase to the atmosphere. The treated residues and the condensates were examined by XRD and SEM analyses. Based on the results, the most decontaminated residues were subjected to classical chemical analysis.
RESULTS AND DISCUSSION
Oxidizing treatment
The dried raw samples were treated with air using the apparatus schematized in references^ K The effect of the total gas flow rate on the reaction rate was studied at 700 °C. It was found that the reaction rate is almost independent of the gas velocity for a flow rate of about 40 L/h. The treatment of the three samples was performed using a flow rate equal to 40 L/h and a reaction time of 4 h.
The thermogravimetric analysis (TGA) of three samples shows the weight losses at about 200 °C. This is due to the dehydration of some compounds and to the partial or complete volatilisation of arsenic, mercury and selenium compounds. At about 400 °C, the sample B decreases the weight. This could be explained by the fuU volatilisation of arsenic compounds of this sample that contain 22 % As. At about 500 °C, the oxidation of metal sulfides and/or selenides is probably the cause of the weight loss at this temperature. Other reactions are possible and depend on the initial composition of the sample. The qualitative chemical analysis of the treatments' residues of these samples indicates that the majority of the toxic elements such as arsenic, mercury, selenium and cadmium are eliminated at temperatures < 700 °C. To have sufficient amount of the treated residues for chemical analysis and examination by XRD, SEM, etc., isothermal treatments between 200 and 800 °C were performed using an initial sample weight of about 10 g.
One may underline that the experimental conditions of the isothermal treatment of these samples will favour the reactions' equilibrium than in the case of the TGA for the same solid in non isothermal conditions.
The qualitative chemical composition indicates that the compounds of arsenic, mercury and selenium were concentrated in the condensates. The treatment's residues of samples A and B were almost free of arsenic, mercury and selenium compounds. Valuable elements' compounds were concentrated in these residues.
The sample C contains mimetite Pb5(As04)3Cl. The thermal decomposition of this compound leads to a partial chlorination of the valuable elements. At 700 °C, the produced chlorides were volatilized and recovered in the condensates up to 99 % As; mercury and selenium were eliminated^^. On may stress that several phases were,amorphous and not identified by XRD. On the other hand, zinc chloride was not identified because of its rapid hydration. As could be expected and in spite of the samples' quartering, some unexpected results were obtained such as the presence of Hg2Br2.
For sample A, it is clear that all the mercury compounds were concentrated in the condensates. On the other hand, copper selenide was converted to copper oxide and selenium which is reacted with mercury to form (HgSe). The treatment's residue of sample B is almost free from arsenic and its sulfides were partially or fuUy oxidized to sulfates^ \ The decomposition of mimetite and the partial oxidation of sulfides, contained in the sample C are the main modifications produced by its treatment in air at 700 °C. In the reference^^ as reported the mass balance of possible reactions between the solid wastes and the gas stream. Good agreement was found among the calculated and experimental valúes of the samples' percentage weight losses in the temperature range of 20 to 800 °C as well as those of 20 to 400 °C and 400 to 800 °C.
Reducing treatment
At the temperature lower than 600 °C, the weight loss is independent of the treatment's atmosphere (air or H2). However, the quantity of the weight loss, in presence of H2, is lower than that of air. Moreover, at temperatures higher than 600 °C, reduction of sulfides and sulfates was performed. In order to characterize the reaction products, isothermal reduction of these samples was
Thermal treatment of dusts from nonferrous metallurgical industries
accomplished between 200 and 800 °C using an initial sample's weight of 10 g.
The isothermal treatment shows that the pct weight losses of samples A, B and C at 400 °C were about 26, 53 and 20 %, respectively. As indicated by SEM and XRD analyses, the majority of AS2O3 contained in samples B and C was volatilised between 20 and 400 °C^^l It should be stressed that AS2O3 is irreducible by hydrogen below 400 °C. The totaUty of mercury, contained in samples A and B, was extracted at temperatures lower than 400 °C and recovered in the condensates mainly as HgSe. However, in this temperature range, volatilisation of selenium contained in sample A was partial On the other hand, the majority of sulfur and sulfur compounds was eliminated either through their volatilisation or after the decomposition of sulfates. In the temperature range of 400 to 800 °C, the weight losses were about 31, 8 and 24 % for samples A, B and C, respectively. The major reactions taking place in this temperature range were the reduction of iron sulfide, iron oxide and lead sulfate^ K On the other hand, several sulfides were detected in the treatments' residues up to 800 °C. This is due to the presence of compounds such as ZnS that was irreducible. The calculated and experimental total pct weight losses at 800 °C, for samples A and B were in good agreement. According to SEM analysis, the most decontaminated residues were those obtained at 600 °C.
After the systematic qualitative examination of the reaction products by SEM and XRD, chemical analyses were performed on residues that seemed to be the most decontaminated. The toxic elements were completely or partially eliminated from the residues of samples A and B. On the other hand, the valuable metal contents of these samples were almost doubled. The treatment in air of sample C at 700 °C is inefficient. This is probably due to the presence of stable arsenic compounds.
The Global Decontamination Factor (GDF) of the treated samples is defined by the foUowing equation: GDF is equal to 100, if the totality of valuable metáis was recovered in the residue and toxic elements were completely eliminated and concentrated in the condénsate. On the other hand, GDF will be equal to O if there isn't any extraction of toxic elements and any concentration of valuable metáis. However, due to the heterogeneity of samples and the chemical analysis errors, valúes of yhigher than 100 % were observed. In this case, calculation of GDF was made using a y equal to 100.
At 700 °C, figure 1 shows that the extraction rates of toxic elements were about 98, 100 and 11 % for the samples A, B and C, respectively. GDF of treated residues, with air at 700 °C, was about 100 for samples A and B, respectively (Fig. 2) . These results suggest that these samples were well decontaminated. However, the rates of extraction of toxic elements and that of recovery of valuable metáis for sample C were about 11 and 86 %, respectively (Fig. 1) . This is probably due to the presence of Pb5(As04)3Cl in this sample. Finally, GDF was about 73 indicating that sample C is not fuUy decontaminated and consequently the oxidizing treatment of this sample was inefficient.
In reducing treatment at 600 °C, figure 1 also shows that, the extraction rates of toxic elements for samples A, B and C were about 96, 99 and 70 %, respectively. The recovery rates of valuable metáis of these samples' residues were higher than 95 %, On the other hand, GDF of the treated residues, for samples A to C were 99, 97 and 91, respectively (Fig, 2) . These results show that samples A and B may be considered as well decontaminated and that treatment allows a fair decontamination of sample C. The reductive treatment of this sample was more efficient than its oxidizing treatment. Table II gives an example of buying the wastes and the residues contained zinc and lead in France^ \ It indicates that the traces of some elements such as mercury, thalium and selenium contained in the treated wastes are very important in the input specification of non ferrous extraction processes. According to this table, it seems that the treated samples will be recycled with more or less important penalties- Figure 3 describes the flow sheet of treatment of sample B. One step of drying at 105 °C is necessary to remove about 51 % of moisture contained in this dust sample. Approximately 49 g were treated in oxidizing atmosphere at 700 °C during 3 h. The outlet gases (about 27 g) contained the volatile compounds. The toxic solid wastes are removed after cooling and filtration of these gases. Generally, they contain arsenic, mercury compounds, and the mixture gases are treated before their rejection in atmosphere.
The residues obtained from the oxidizing treatment contain more than 52 % of valuable metáis and about 0.2 % of toxic elements. These residues are evaluated according to the specifications of the classical metallurgical processes feed. The conditioning is necessary before the recycling. Or use the treatment by hydrogen at 600 °C of the residue obtained from oxidizing treatment. The decontaminated wastes will evaluated ones again.
CONCLUSIONS
The treatments of three selected industrial wastes with air and hydrogen in the temperature range of 200 to 800 °C allow the foUowing conclusions:
-The proposed treatment is function of the initial composition of the treated waste. It is difificult to design one flow sheet of treatment of all wastes. -The oxidizing treatment is favourable for the samples A and B, which allows to remove the quasi totality of toxic elements and to recover the valuable metáis. However, this treatment is inefficient for sample C because the elimination of toxic elements was partial. On the other hand, due to the presence of mimetite [Pbsí As04)3Cl] a part of valuable metáis was chlorinated and concentrated in the condensates. -The use of hydrogen at 600 °C permits the elimination of more than 96 % of toxic elements and the recovery of up to 100 % of valuable elements contained in the investigated industrial wastes. The obtained GDF valúes vary from 97 to 100 %. The concentrar ion of valuable metáis in the treatments' residues was almost doubled. -According to the input specification of non ferrous extraction processes, it seems that the treated samples will be recycled with more or less important penalties.
In perspective, the study of the evolution of the physico-chemical properties as function of the time is necessary, and it is interesting to use the gas effluents generated from the industry which produces these wastes to treat them, or use other type of wastes to treat these wastes.
